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G
raphene, an atomically thin two-
dimensional carbon material, has
been extensively demonstrated to

be an ideal candidate for high-performance
electronic and optoelectronic devices, such as
high-frequency transistors, ultrafast photo-
detectors, andbroadbandopticalmodulators,
because of its extraordinarily high carrier
mobility, significantwavelength-independent
absorption, highmechanical strength, high-
est recorded thermal conductivity, and
good environmental stability.1�4 Similar to
the current Si-based electronics, the availabil-
ity of wafer-size high-quality single-crystal
graphene is fundamental for these applica-
tions because grain boundaries5�11 and
defects12�16 significantly alter its properties.
Chemical vapor deposition (CVD) has

shown great potential for fabricating large-
area single-crystal graphene based on three
general strategies. The first is to reduce the
nucleation density of graphene domains to
be as small as possible, providing enough
space for graphenegrowth fromonenucleus.

Several approaches have been developed
to reduce the nucleation density, such as
electrochemical polishing17,18 and high-
temperature annealing of a Cu substrate,17,19

using a Pt substratewith a highmelting point
and catalytic activity,20 reducing the flow
rate ratio of carbonprecursor tohydrogen,7,21

and tuning the reaction pressure,22 intro-
ducing oxygen into reaction systems.23�25

Using these approaches, centimeter-scale
single-crystal graphene domains have been
fabricated in the presence of oxygen.23 The
second strategy involves the catalytic and
epitaxial growth of graphene on a single-
crystal substrate. In this case, even though
the graphene nucleation density is high, all
the nuclei can grow and coalesce into single-
crystal graphene without grain boundaries
since they are perfectly aligned with each
other on a single-crystal substrate with well-
definedandanisotropic atomic arrangement.
Wafer-scale single-crystal graphene has been
fabricated on a silicon wafer by using a
hydrogen-terminatedgermaniumbuffer layer
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ABSTRACT Reducing nucleation density and healing structural

defects are two challenges for fabricating large-area high-quality

single-crystal graphene, which is essential for its electronic and

optoelectronic applications. We have developed a method involving

chemical vapor deposition (CVD) growth followed by repeated

etching�regrowth, to solve both problems at once. Using this

method, we can obtain single-crystal graphene domains with a size much larger than that allowed by the nucleation density in the initial growth and

efficiently heal structural defects similar to graphitization but at a much lower temperature, both of which are impossible to realize by conventional CVD.

Using this method with Pt as a growth substrate, we have grown ∼3 mm defect-free single-crystal graphene domains with a carrier mobility up to

13 000 cm2 V�1 s�1 under ambient conditions.
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based on this second strategy.26 The third strategy is
epitaxial growth from graphene domain seeds by two-
step CVD, which involves a CVD growth followed by
annealing or oxidation and a secondary growth.27,28 It
has been demonstrated that micrometer-sized gra-
phene domain seeds can be amplified to millimeter-
sized domains by this strategy;27 however, many small
additional layers were formed in the boundary areas
between the graphene seeds and the epitaxially grown
regions or on the surface of the graphene seeds.27,28

Although the nucleation density can be reduced by
the first growth strategy, inevitably, some new nuclei
appear during growth. Such random nucleation pro-
hibits the further growth of single-crystal graphene
domains, and theoretically it is impossible to obtain
single-crystal graphene domains larger than the dis-
tance between the initial neighboring nuclei. The
maximum size of the graphene domains by a two-step
CVD method is also limited by the initial nucleation
density. More importantly, many structural defects are
present in the CVD-grown single-crystal graphene by
all the above strategies. The existence of structural
defects is actually a common problem for all graphene
materials prepared by various methods including me-
chanical cleavage. They may appear during growth or
processing and greatly deteriorate the performance.12

For instance, the carrier mobility of CVD-grown single-
crystal graphene reported so far is usually lower than
8000 cm2 V�1 s�1 under ambient conditions based
on back-gated field-effect transistors (FETs) on SiO2/Si
substrates (Table S1), and this is much lower than
the theoretical value.29,30 Knowing how to heal
these defects is essential for graphene applications
in electronics and optoelectronics and is still very
challenging.
In our previous study, we found that the growth

and etching of single-crystal graphene domains are
reversible.31 On the basis of this understanding, here,
we develop a new method, CVD growth followed by
repeated etching�regrowth (G�rE�RG), to fabricate
large-area defect-free single-crystal graphene, where
the methane flow rate does not remain the same but
decreases with the number of growth cycles. Using this
method, we can obtain single-crystal graphene do-
mains with a size much larger than that allowed by the
nucleation density in the initial growth and efficiently
heal structural defects similar to what happens during
graphitization but at a much lower temperature. Both
of these are impossible to realize by conventional CVD
(including the one-step and two-step CVD methods
mentioned above). Using this method with Pt as the
growth substrate, we have grown ∼3 mm defect-free
single-crystal graphene domains with a carrier mobility
up to 13 000 cm2 V�1 s�1 under ambient conditions.
This is about double the best mobility reported so far
for CVD-grown single-crystal graphene using similar
measurement conditions.

RESULTS AND DISCUSSION

The G�rE�RG process is illustrated in Figure 1. First,
we grew single-crystal graphene domains on a Pt
substrate with normal CVD growth conditions
(Figure 1a). As reported previously,31 not all the gra-
phene domains nucleated at the same time and there-
fore had different sizes after a certain growth time. This
size difference means that some domains are etched
away while some remain after etching given that the
etching rate is almost the same for all domains. We
therefore then changed from a growth condition to
an etching condition to induce graphene etching
(Figure 1b).With increasing etching time, the graphene
domains continuously shrank. After a certain time,
most graphene domains were etched away, and only
a few small domains remained, corresponding to the
initial large domains formed during CVD growth. The-
oretically, we can obtain a very low nucleation density,
even one nucleus on a wafer, by making the etching
time long enough. After etching, we regrew the etched
graphene domains by returning to a growth condition
(Figure 1c). As soon as new graphene nuclei appeared
on the uncovered region of the substrate (Figure 1d),
we carried out a second E�RG cycle (Figure 1e and f).
After several E�RG cycles, large-area single-crystal
graphene domains were obtained. Theoretically, wa-
fer-size single-crystal graphene can be fabricated if the
growth time is not important and the facility can be run
for a very long time at high temperature.
We have investigated graphene growth behavior as

a function of methane flow rate for conventional CVD

Figure 1. Scheme depicting the G�rE�RG process. (a) CVD
growth of graphene domains on a substrate. (b) Hydrogen
etching to reduce domain density. (c) Regrowth of the
etched graphene domains. (d) New nuclei appear on the
substrate during regrowth. (e) Hydrogen etching to remove
the new nuclei generated during regrowth. (f) Large-size
single-crystal graphene domains obtained by the G�rE�RG
method. (g) Schematic of the G�rE�RG process used for
fabricating ∼3 mm single-crystal graphene domains, with
the flow rates of CH4 and H2 used. The reaction temperature
was 1060 �C during the whole process. The error bars show
the size range of the single-crystal graphene domains
obtained under the same conditions, and the blue dots in
the middle of the error bars represent the average size of
graphene domains.
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and found that, with decreasingmethane flow rate, the
nucleation density of graphene was greatly decreased,
but the growth rate was also dramatically decreased
and a remarkably long incubation time was necessary
for graphene nucleation (Figure S1 and Table S2). We
suggest that the incubation period is a process to
accumulate carbon species in a Pt substrate with the
decomposition of method to achieve a critical super-
saturation level to overcome the energy barrier for
graphene nucleation.32 The above facts mean that it is
impossible to simultaneously realize a low nucleation
density and high growth rate by conventional CVD. For
instance, the nucleation density was∼300/cm2, 3/cm2,
and 1/cm2 for methane flow rates of 3.7, 3.4, and
3.3 sccm, respectively. A ∼300 μm graphene domain
can be fabricated in 20 min using a methane flow rate
of 3.7 sccm, but in sharp contrast, no visible nuclei were
observed by scanning electron microscope (SEM) after
4 and 7 h growth for methane flow rates of 3.4 and
3.3 sccm. The mean growth rate of graphene was
roughly estimated to be ∼900, 18, and 2 μm/h for
methane flow rates of 3.7, 3.4, and 3.3 sccm, respec-
tively, when considering the incubation time. There-
fore, it is unrealistic to use a very lowmethane flow rate
to fabricate large-area single-crystal graphene because
of the very low growth rate and remarkably long
incubation time even though the nucleation density
is very low, not to mention the inevitable random
nucleation during graphene growth.
To fabricate large-area single-crystal graphene with

a high growth rate, we changed the methane flow rate
during the whole G�rE�RG process so that it de-
creased with the number of growth cycles. Figure 1g
and Figure 2 show the experimental process and
conditions used for fabricating ∼3 mm single-crystal
graphene domains by the G�rE�RG method and the
typical single-crystal graphene domains obtained at
different stages in the process. A high methane flow
rate in the initial growth enables rapid nucleation and
growth of graphene domains. After 10 min growth,
∼250 μm size hexagonal single-crystal graphene do-
mains were obtained (Figure 2a). Then we switched off
the methane and used pure hydrogen to induce etch-
ing. After 1min hydrogen etching, most small domains
were etched away and only a very few domains
survived, dramatically reducing the domain density.
Note that there is only one single domain left in a
region of ∼3 � 3 mm2 (Figure 2b and Figure S2). As
mentioned above, a long incubation time is required
for graphene nucleation at a low methane flow rate.
Therefore, after each etching, we used a lower
methane flow rate than in the previous growth cycle
to induce regrowth, which ensures that the surviving
graphene domain has a longer growth time before
new nuclei appear. It is important to note that the very
long incubation time for a low methane flow rate is
avoided in this G�rE�RG process, which is helpful to

realize a high average growth rate over the whole
fabrication process. The domain became larger than
that obtained in the previous cycle when new nuclei
appeared and grew to ∼100 μm (Figure 2c and e). We
then carried out further etching using pure hydrogen.
This ensured only one domain remained in a region of
∼3 � 3 mm2 even though it became larger (Figure 2g
and h). It is needed to point out that the single-crystal
graphene domains actually experienced a series of
edge structure and shape evolution during etching
and regrowth processes, as shown in ref 31.
After three cycles of E-RG, we obtained single-crystal

graphene domains of ∼3 mm in average size
(Figure 2i). This G�rE�RG method is unique in the
following respects: (1) we can grow ∼3 mm single-
crystal graphene domains with an initial nucleation
density of only ∼2/mm2 when it is impossible to grow
domains larger than 1mmby conventional CVD; (2) the
∼3 mm single-crystal graphene domains grew with a
high average growth rate of ∼7 μm/min, which is
impossible to achieve by conventional CVD, in which
the growth rate is ∼2 μm/h (i.e., ∼0.03 μm/min). In
addition, it is worth noting that there are nearly no
additional layers observed in the single-crystal gra-
phene domains fabricated by our G�rE�RG method
(Figure 2c�f, h, and i). In contrast, many small addi-
tional layers are usually formed during the growth
of single-crystal graphene domains by conventional
CVD especially the two-step CVD method.20�22,24,27,28

It is well known that the edges of graphene have
much higher chemical reactivity than its interior

Figure 2. SEM images of single-crystal graphene domains
at different stages during the G�rE�RG process. (a) Initial
growth stage for 10 min. (b) Domains from (a) after 1 min
etching in the first E�RG cycle. The inset shows the high-
magnification SEM image of the graphene domain indi-
cated by a blue arrow. (c) Domains from (b) after 15 min
regrowth in the first E�RG cycle. (d�f) Domains after (d)
5min, (e) 1.5 h, and (f) 3 h regrowth in the second E�RG cycle.
(g�i) Domains after (g) 2min etching from (f) and then for (h)
1 h and (i) 5 h regrowth from (g) in the third E�RG cycle.
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region; therefore, the small graphene additional layers
formed in the CVD growth process are preferentially
etched away during the following etching process.
Note that the additional layers are usually formed at
the defect sites in graphene domains such as the
nucleation sites.20�22,24,27,28 Therefore, we suggest
that the lack of additional layers in the single-crystal
graphene domains by G�rE�RG is attributed to their
defect-free nature, as discussed below.
Another very important feature of the G�rE�RG

method is the efficient healing of the structural defects
that are generated during the initial CVD growth. A
core�shell structured C21, which is composed of three
isolated pentagons and four hexagons, has been pre-
dicted as an initial stable cluster on a metal surface for
the nucleation of graphene.33 In addition to these
nucleation defects, it has been observed experimen-
tally that there aremany kinds of defects in CVD-grown
or even mechanically exfoliated graphene such as
topological defects, single vacancies, multiple vacan-
cies, carbon adatoms, and dislocations.12,34�38 Theore-
tically, the energy barriers to the formation of all these
defects are significantly reduced in the presence of a

metal surface compared to those in suspended
graphene.39 More importantly, CVD is a nonequilib-
rium process during which the attachment of carbon
atoms to the edges of graphene can be easily dis-
turbed by experimental conditions such as small fluc-
tuations in reaction temperature and gas atmosphere,
as well as defects and impurities in the substrates and
the substrate roughness. Therefore, the formation of
defects is inevitable in CVD-grown graphene. Actually,
many hexagonal holes appeared in single-crystal gra-
phene domains grown by conventional CVD after
etching (Figure S3). Taking into account the preferen-
tial etching of defects due to their high formation
energy, this fact confirms the presence of defects
in the single-crystal graphene fabricated by conven-
tional CVD.
However, it is important to note that no visible holes

appeared in the single-crystal graphene domains
grown by this G�rE�RG (Figure 2g), consistent with
our previous observations on the regrown graphene
from an etched domain,31 indicating that the defects
have been effectively healed. Theoretically, the healing
of defects by high-temperature CVD is reasonable.

Figure 3. Structural characterization of a single-crystal graphene domain produced by G�rE�RG. (a) SEM image of a∼1mm
sized hexagonal domain transferred to a TEM grid by the electrochemical bubbling method.20 (b) Low-magnification TEM
image of the edge region of the domain in (a). The red lines indicate graphene edges. (c, d) Aberration-corrected and
monochromated TEM images of the domain, showing a perfect carbon lattice with 6-fold symmetry without any structural
defects or disorder. (e�j) SAED patterns taken from the six areas in (a) labeled 1�6. Red and blue dotted lines respectively
indicate the zigzag and armchair directions determined by SAED.
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First, the transformation of defects to a perfect hex-
agonal carbon lattice is energetically favorable be-
cause of the higher formation energy of defects.40,41

Second, the perfect hexagonal shape of the holes
formed from defects during etching indicates that
these holes can be filled up by only hexagonal carbon
clusters (Figure 2b, Figure S3 and ref 31). Experimen-
tally, the use of a very lowmethane flow rate in the later
growth cycles is essential since it facilitates the relaxa-
tion of a carbon�metal system toward the thermal
equilibrium state to heal defects. This assertion is
proved by the fact that, after etching, more holes
appeared in domains grown at a high methane flow
rate than in those grown at a low flow rate (Figure S3).
In order to heal defects in carbon materials such as

graphite,42 carbon nanotubes,43 and reduced gra-
phene oxide,44 long-time high-temperature anneal-
ing at more than 2000 �C in an inert atmosphere
(graphitization) is required.42�44 In contrast, our
G�rE�RG method can heal the defects very rapidly
(∼7 μm/min) at a much lower temperature (∼1000 �C).
During graphitization, carbon atoms need to overcome
a series of high-energy barriers of usually more than
5 eV for rotation, rupture, and re-forming of car-
bon�carbon bonds to remove defects and form a
perfect hexagonal carbon lattice.41 However, healing
defects by the E�RG process requires only the rupture
and re-forming of carbon�carbon bonds, which re-
quires an energy barrier of only ∼2�3 eV to be
overcome.45 Moreover, the presence of the metal
substrate can greatly reduce these energy barriers.45

Therefore, healing defects by our G�rE�RG method

requires less energy and can be realized much easier
than high-temperature graphitization, which is impos-
sible to realize for conventional CVD.
We used transmission electron microscopy (TEM) to

characterize the detailed structure of graphene do-
mains produced by G�rE�RG (Figure 3). With an
aberration-corrected and monochromated TEM, we
are able to image the atomic structure of a suspended
single-crystal graphene domain. A low electron beam
voltage of 60 kV minimized electron beam irradiation
damage to the graphene.46 As shown in Figure 3c and d,
the 6-fold symmetry of the graphene lattice was well
observed without any vacancies, topological defects,
and carbon adatoms and dislocations. Importantly,
extensive measurements on this graphene domain
and many other domains gave a similar result. We
performed selected-area electron diffraction (SAED)
measurements on 30 areas in a graphene domain. All
areas showed the same electron diffraction patterns as
those shown in Figure 3e�j, unambiguously confirming
the single-crystalline nature of the graphene domain
across its entire area. Moreover, the angles between
the zigzag direction determined by SAED and the edge
direction in real space is 0 degree, suggesting the edges
of the single-crystal graphene have a zigzag orientation.7

which is consistent with the results previously reported
for single-crystal graphene domains grown by conven-
tional CVD (Table S1 and refs 17, 20, 22, 24).
Raman spectroscopy is a powerful tool to character-

ize the number of layers, defects, strain, and the effects
of perturbations of graphene over a much larger
area than aberration-corrected and monochromated

Figure 4. Optical and Raman characterization of single-crystal graphene domains grown by (a,b,c) G�rE�RG and (d,e,f)
conventional CVD (a, d) Optical images; (b, e) ID/IG Ramanmappings of the regions indicated by the squares in (a, d) and (c, f)
histograms of ID/IG values over the whole area of the domains in (a,d).
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TEM.47,48 We measured a number of Raman spectra
and mappings of the graphene domains fabricated by
our G�rE�RGmethod and conventional CVD.We used
the peak area ratio of D band to G band (ID/IG) to
evaluate defects in the samples because the D band
is almost invisible (Figure S4 and ref 49). Note
that the single-crystal graphene domain produced
by G�rE�RG shows a smaller area of visible ID/IG
(Figure 4b) than does one produced by conventional
CVD (Figure 4e). Moreover, most of the ID/IG data for
the former sample are in the range 3�5% (Figure 4c),
which is much lower than values measured on the
latter sample (5�7%, Figure 4f). All these results con-
firm that the single-crystal graphene domains fabri-
cated by G�rE�RG have fewer defects than those
produced by conventional CVD.
To evaluate the electronic quality of our single-crystal

graphene domains, we fabricated back-gate field-effect

transistors (FETs) on Si/SiO2 substrates, using Ti/Au
(5/45 nm) as source and drain electrodes (Figure 5a).
All the transport characteristics of the devices were
measured under ambient conditions. We then used a
device model that combines the minimum carrier den-
sity at the Dirac point and the dielectric and quantum
capacitances to fit the measured data to extract carrier
mobility. Figure 5b and c show typical measured and
fitted data, respectively. The extracted carrier mobility
for this device was∼13000 cm2 V�1 s�1 with a residual
carrier density at the Dirac point of ∼4.1 � 1011 cm�2.
Under similar measurement conditions, this value is
about double the mobility (∼7000 cm2 V�1 s�1) of a
single-crystal graphene domain produced by conven-
tional CVD on Pt20 and much larger than those (up
to ∼8000 cm2 V�1 s�1) of domains produced by con-
ventional CVD on Cu that have been reported so
far (Figure 5d and Table S1).18,21,24,50�54 Such a high
mobility further confirms the defect-free nature of our
graphene domains, consistent with HRTEM observa-
tions and Raman measurements.

CONCLUSIONS

In conclusion, we have developed a G�rE�RG
method to fabricate large-area defect-free single-crys-
tal graphene domains, where the methane flow rate is
decreased with the number of growth cycles. Through
etching, we are able to efficiently remove randomly
nucleated domains and reveal structural defects gen-
erated during CVDgrowth. Regrowth not only provides
carbon atoms to the graphene edges to induce its
further growth but also plays a role in healing the
structural defects at a much faster rate. Using this
method, we obtained ∼3 mm single-crystal graphene
domains on a Pt substrate, which show a carrier
mobility up to 13 000 cm2 V�1 s�1 under ambient
conditions. Combining this G�rE�RG method with
other strategies to reduce the nucleation density of
graphene such as polishing the substrate and introdu-
cing oxygen into reaction systems, it is expected that
much larger, even wafer size, defect-free single-crystal
graphene may be produced.

EXPERIMENTAL SECTION

G�rE�RG CVD Growth of Large-Area Defect-Free Single-Crystal Gra-
phene. A piece of Pt foil (180 μm thick, 99.9 wt % metal basis,
10 mm � 20 mm) was first rinsed with acetone and ethanol for
1 h each and then loaded into a fused silica reaction tube (inner
diameter: 22 mm), heated to 1060 �C under the protection of
H2 (700 sccm), and annealed for 10 min to remove residual
carbon or organic substances. Growth was then started by
introducing methane and maintained for a certain time. After
CVD growth, the methane flow was cut off while the other
parameters were held constant to induce graphene etching.
After etching for a certain time, methane was reintroduced for
graphene regrowth. To grow ∼3 mm single-crystal graphene
domains, three cycles of etching�regrowthwere used. Detailed
experimental conditions are given in Figure 1g. When the

reaction was over, the Pt foil was quickly pulled out of the
high-temperature zone, the furnace shut down, and the
methane flow was turned off when the furnace temperature
was lower than 800 �C.

Characterization. The Pt foil covered by graphene domains
was taken out for size andmorphological analysis by SEM (Nova
NanoSEM 430, acceleration voltage of 5 kV). Using the electro-
chemical bubbling transfer method,20 the graphene domains
were transferred onto a Si/SiO2 (290 nm) substrate or a TEMgrid.
Optical microscopy (Nikon LV100D), Raman spectroscopy
(JY HR800, 532 nm laser wavelength, 1 μm spot size, 1 s inte-
gration time, laser power below 2mW), and TEM (FEI Tecnai T12,
120 kV; Titan3 G2 60-300 S/TEM, 60 kV) were used to identify the
quality and structure of the graphene domains. Aberration-
corrected and monochromated TEM was used at 60 kV in a

Figure 5. Transport properties of the single-crystal gra-
phene domains fabricated by G�rE�RG. (a) Optical micro-
scopy image of a back-gate graphene FET on a SiO2/Si
substrate. (b) Device resistance versus back-gate voltage
(VBG) of this graphene FET. (c) Device resistance versus VBG�
VDirac,BG (VBG at the Dirac point) and a fitted curve (solid red
line). (d) Electron mobility comparison of the single-crystal
graphene domains produced by our G�rE�RG method
(indicatedby a red star) and thoseproducedby conventional
CVD reported in the literature.18,20,21,24,50�54 All the data
were measured with FET devices under ambient conditions.
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high-vacuumenvironment tominimize electron-beam-induced
damage to the suspended single-crystal graphene domains.46
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